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Immunoblotting of sera from 12 neutropenic patients with Streptococcus oralis septicemia and 18 patients 
with endocarditis due to viridans group streptococci revealed immunodominant S. oralis antigens at 85 and 180 
kDa. The former cross-reacted with a mouse monoclonal antibody to hsp90. The latter was identified by 
sequencing positive clones obtained by screening a genomic expression library of 5. oralis with pooled sera from 
patients who had been infected with S. oralis. Antibody eluted from one of these clones reacted with the 180-kDa 
antigen of S. oralis. Southern blotting confirmed the origin of the clone from S. oralis. The derived amino acid 
sequence showed 76.2% homology with the PAc protein precursor of Streptococcus mutans and 73.8% homology 
with the SpaA protein precursor of Streptococcus sobrinus. Epitope mapping of the derived amino acid sequence 
with sera from patients with viridans group streptococcal endocarditis delineated nine epitopes. Peptides 1 
(TMYPNRQPGSGWDSS) and 2 (WYSLNGKIRAVDVPK), representing two of these epitopes, arid peptide 3 
(YEVEKPLEPAPVAPS), representing the repeat proline region, were synthesized. These three peptides were 
used to screen a phage antibody display library derived from a patient who had recovered from S. oralis 
infection. Two of the human recombinant antibodies produced (SORAL 3 and SORAL 4 against peptide 3) and 
a human recombinant antibody (B3.7) against the conserved epitope (LKVIRK) of hsp90 gave statistically 
significant protection, compared with control groups, in a mouse model of lethal 5. oralis infection. 



Recent developments in antibody engineering have meant 
that it is now possible to extract the mRNA from human 
antibody-secreting cells, perform first-strand cDNA synthesis, 
and amplify the immunoglobulin genes encoding heavy- and 
light-chain variable domains by PCR (62). The heavy- and 
light-chain variable domains are then linked together to pro- 
duce a human recombinant Fv fragment called a single-chain 
Fv fragment* or scFv (38). This is cloned into a phagemid vector 
so that the scFv is expressed fused to the viral coat protein, 
g3p, which occurs at the tip of the filamentous phage. Since the 
displayed antibody retains its antigen binding capability, it is 
possible to enrich for recombinant phage expressing high-af- 
finity scFv. Such antibodies, if directed against microbial anti- 
gens associated with protective humoral immunity, are likely to 
have therapeutic value, particularly against those human patho- 
gens for which antibiotic resistance is becoming a problem. 

Viridans group streptococci are increasingly recognized as a 
cause of septicemia in cancer patients (6, 9, 11, 16, 28, 44, 51, 
56, 60). They are associated with a syndrome which includes 
septicemia (sometimes a rapidly fatal form with shock) and the 
Adult Respiratory Distress Syndrome. Difficulties in the tax- 
onomy of viridans group streptococci have led some authors to 
describe the causative agents as viridans group streptococci 
without determining individual species (11, 28, 44, 51, 60). 
Others have been more precise (2, 6, 9, 16, 56), and recently, 
the descriptions for Streptococcus oralis, Streptococcus mitis, 
and Streptococcus sanguis have been emended and Streptococ- 
cus gordonii has been described (29). S. oralis has been shown 
to be an important pathogen in neutropenic cancer patients (2) 
and in infective endocarditis (15). A recent survey of 47 strains 
of viridans group streptococci from 42 confirmed cases of in- 
fective endocarditis demonstrated that the most common spe- 
cies were S. sanguis (31.9%), 5. oralis (29.8%), and S. gordonii 
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(12.7%) (15). Penicillin tolerance has been reported among 
isolates of viridans group streptococci from cases of endocarditis 
(24, 59), and penicillin resistance has been reported among iso- 
lates associated with toxic shock syndrome (9, 11, 16, 51) and 
other infections (52, 53). Resistance in S. oralis is mediated by 
an altered penicillin binding protein 2B gene which is thought 
to have spread from Streptococcus pneumoniae (10). S. oralis is 
genetically related to S. pneumoniae, as the 16S rRNA se- 
quences exhibit a more than 99% homology (25) and both 
species contain ribitol arid choline in their cell walls (30). 

S. oralis is therefore a significant human pathogen which 
may have decreased susceptibility to penicillin and could po- 
tentially be treatable with human recombinant antibodies. This 
would be dependent on obtaining high-affinity antibodies 
against defined microbial targets associated with protective 
immunity. The former is facilitated by obtaining the initial 
mRNA from a patient who has recovered from the infection 
and the latter is facilitated by defining discrete epitopes on 
immunodominant antigens. This approach was successfully, 
used to produce protective scFv against Candida albicans heat 
shock protein 90 (hsp90) (40-43). 

This paper describes the antibody response in 12 cases of 
septicemia due to S. oralis, in neutropenic patients with posi- 
tive blood cultures who recovered following antibiotic therapy. 
Multiple sera taken during the course of the infection were 
immunoblotted against extracts of S. oralis, S. gordonii, and S. 
sanguis and compared with sera from patients with endocardi- 
tis due to viridans group streptococci and from patients with no 
laboratory evidence of streptococcal infection. This delineated 
two immunodominant antigens of S. oralis associated with an 
antibody response in patients recovering from the infection. 
One of these was conserved among all three species and re- 
acted with a monoclonal antibody to hsp90 (40). A second 
antigen, with an apparent molecular mass of 180 kDa, was 
further characterized by cloning and sequencing. The antibody 
response was further defined to the epitope level by the Gey- 
sen technique (20), as previously applied to the PAc antigen of 
Streptococcus mutans (27, 39). The derived amino acid se- 
quence was synthesized as a series of overlapping oligopep- 
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tides on pins, and reactivity with patients' sera was assayed by 
a modified enzyme-linked immunosorbent assay (ELISA) (20). 
By comparing antibody-positive sera with antibody-negative 
sera, it was possible to identify immunodominant oligopeptides 
representing potential B-cell linear epitopes. Key epitopes, in 
the form of synthetic peptides, were then used to select scFv 
from a phage antibody display library derived from a patient 
with antibodies to S. oralis (38). These were then assessed 
together with scFv against hsp90 for their protective potential / 
in a mouse model of the infection. 

MATERIALS AND METHODS 

Antigen preparations for immunoblotting. Antigen preparations were ob- 
tained from S. sanguis NCTC 7863, S. oralis NCTC 7864, and S. gordonii NCTC 
7868 grown at 37°C in brain heart infusion broth and fragmented as previously 
described (7). 

Sera examined by immunoblotting. (i) Group 1: septicemias. All patients (n = 
12) were pyrexia) and neutropenic, had severe oral mucositis and at least one set 
of blood cultures growing S. oralis, and subsequently responded to appropriate 
antibiotic therapy. At least two serum samples (pre- and postinfection) and up to 
four serum samples from each patient were examined. Four patients had chest 
X-ray changes indicative of the Adult Respiratory Distress Syndrome. Isolates 
were initially identified by Rapid Strep API 32 and confirmed by a reference 
center (J. Hardie, Royal London Hospital). 

(ti) Group 2: endocarditis. Ail patients had clinical evidence of endocarditis, a 
positive echocardiogram, and positive blood cultures. Isolates were identified 
(Rapid Strep API 32) as 5. gordonii (n = 14), S. sanguis (n = 2), and S. oralis (n 
= 2). 

(iii) Group 3: controls. Forty serum samples from hospital inpatients with no 
clinical or laboratory evidence of ongoing streptococcal infection or endocarditis 
were examined; 20 of these came from neutropenic patients. 

Patients' sera were examined at a dilution of 1:10 against immunoblots as 
described previously (7). Blots for which the antibody response was >50 mm by 
reflectance densitometry (Chromoscan 3; Joyce Loebel) were regarded as posi- 
tive. When multiple sequential sera were tested, a constant result was recorded 
if the variation in height of the trace remained within 5 mm. A rising antibody 
titer was recorded if there was an increase of at least 30 mm in trace height. A 
new antibody titer was recorded if a band with a height of >50 mm appeared in 
later sera, having been absent in the earliest serum. Reactivity with a murine 
monoclonal antibody to a conserved epitope (LKVIRK) on hsp90 (40) was 
determined at a dilution of 1:100. 

Preparation and screening of a genomic expression library of 5. oralis. A 
genomic library was constructed in expression vector Xgtll, essentially as de- 
scribed by Young and Davies (63). Chromosomal DNA, from a clinical isolate of 
S. oralis, was partially digested with EcoRl, and fragments in the size range of 2 
to 9 kbp were cloned into the unique EcoRl site of Xgtll. The library was 
screened with pooled sera (1:100) from patients with antibodies to S. oralis 
detected by alkaline phosphatase-conjugated goat anti-human immunoglobulin 
G (IgG) (1:5,000) (Sigma, Poole, United Kingdom). Lysogens were prepared 
from positive clones in Escherichia coli Y1089 as previously described (23). The 
reactivity of the resulting p-galactosidase fusion proteins was examined by im- 
munoblotting with patients' sera containing antibodies to S. oralis (1:10) together 
with a monoclonal antibody to 0-galactosidase (1:1,000) (Pro mega, Southamp- 
ton, United Kingdom). 

Characterization of positive clones and DNA sequencing. Antibodies in pa- 
tients' sera (1:10) were affinity purified against positive recombinant plaques and 
the bound antibody; eluted with glycine buffer, pH 2.8; and screened against an 
immunoblot of S. oralis (63). 

PCR with Xgtll forward and reverse primers was used to amplify insert DNA 
from the largest fusion protein. This was subcloned into the TA Cloning System 
(version 1.3; Invitrogen Corporation, Oxon, United Kingdom) prior to DNA 
sequencing by the chain termination method (Sequenase version 2.0 Kit; United 
States Biochemical, Cambridge, United Kingdom). The first set of annealing 
reactions was done with universal primers; subsequent primers were derived 
from the sequences obtained from both the coding and noncoding strands. The 
DNA sequence was analyzed by the SEQNET service (SERC; Daresbury Lab- 
oratory, Warrington, United Kingdom), using the OWL database (3). 5. oralis 
DNA restricted with EcoRl, HaelU,Rsal,Sspl, andAmoI (Promega) was South- 
ern blotted and probed with 32 P-labelled plasmid DNA derived from the se- 
quenced clone to confirm its origin from S. oralis. 

Epitope mapping. A series of overlapping nonapeptides covering the derived 
amino acid sequence were synthesized on polyethylene pins with reagents from 
an epitope scanning kit (Cambridge Research Biochemicals, Cambridge, United 
Kingdom) as described previously by Geysen et al. (20). Peptide 1 consisted of 
residues 1 to 9, peptide 2 consisted of residues 2 to 10, etc. The reactivity of each 
peptide with patients' sera (1:200) was determined for IgG by ELISA. Data were 
expressed as/l 405 after 30 min of incubation. Sera from patients with septicemia 
due to 5. oralis (postinfection, n = 5), endocarditis due to viridans group strep- 
tococci (5. sanguis, n = 2; S. oralis, n = 2; S. gordonii, n = 4; and 5. mutans, n = 



2) , and endocarditis due to Enterococcus faecalis (n = 2) and inpatient control 
sera (n = 5) were examined. 

Preparation of phage antibody display library and scFv. The phage antibody 
display library and scFV were produced essentially as previously described (42, 
43). Briefly, peripheral blood lymphocytes were obtained from a patient who had 
recovered from S. oralis infection, by separation of 20 ml of heparin ized blood 
over Ficoll. mRNA was extracted by guanidinium thiocyanate; this was followed 
by purification on an oligo(dT)-cellulose column (Quick Prep mRNA; Pharma- 
cia, St. Albans, United Kingdom). First-strand cDNA synthesis was performed 
with a constant region primer for all four subclasses of human IgG heavy chains 
(HulgGI to -4) (38, 42), using avian myeloblastosis virus reverse transcriptase 
(HT Biotechnology, Cambridge, United Kingdom). The heavy-chain variable- 
domain genes were amplified by primary PCRs with family-based forward 
(HuJHl to -6) and backward (HuVHla to -6a) primers. An Sfi\ restriction site 
was introduced upstream to the VH3a back-generated product, prior to assembly 
with a diverse pool of light-chain variable-domain genes derived from the library 
of Marks et al. (38). The latter also introduced a linker fragment (Gly 4 Ser 3 ) and 
a downstream Notl site. By use of the Sfil and Notl restriction enzyme sites, the 
product was unidircc lion ally cloned into the phagemid vector pCANTAB 5 
(Pharmacia). The ligated vector was introduced into E. coli TGI by electropo- 
ration, and phages were rescued with the helper phage M13K07 (Pharmacia). To 
enrich for antigen -specific scFv, the phage library was panned against peptides 
representing two of the epitopes delineated by epitope mapping (peptide 1, 
TMYPNRQPGSGWDSS, and peptide 2, WYSLNGKIRAVDVPK) as well as a 
peptide representing the repeat proline sequence (peptide 3, YEVEKPLEPA 
PVAPS). Panning was performed in immunotubes coated with the correspond- 
ing peptide (42). Bound phages were eluted with log-phase E. coli TGI. After 
rescue with M13K07, the phages were repanned against peptide a further three 
times. fly/Nl (New England Biolabs, Hitchin, United Kingdom) DNA finger- 
printing was used to confirm enrichment of specific scFv after successive rounds 
of panning. 

Reactivity of the dominant scFv types was assayed by indirect ELISA. Plates 
were incubated overnight at 4°C with peptide (10 ng ml -1 in phosphate-buffered 
saline [PBS]), washed three times in 0.05% Tween-PBS and three times in PBS, 
blocked with 20% skim milk in PBS (M-PBS) for 2 h at 37°C and then incubated 
with scFv-containing phage supernatants (in triplicate) for 3 h at 37°C. After 
repeat washings, the plates were incubated for 1.5 h at 37°C with anti-filamentous 
phage (pVIII) monoclonal antibody B62-FE2 (diluted 1:1,000 in 3% bovine 
serum albumin in .buffered saline) kindly provided by B. Micheel, Max Delbruck 
Center for Molecular Medicine, Humboldt University, Berlin -Buch, Germany. 
Binding was visualized with horseradish peroxidase-conjugated anti -mouse IgG 
(1:1,000 in M-PBS) (Sigma) and ABTS (amino-di-3-ethylbenzohiazole-6-sulfon- 
ate; Sigma) and read at A W5 after 30 min of incubation. 

Assessment in an animal model. S. oralis was grown overnight in brain heart 
infusion broth at 37°C and washed in saline, and the concentration was deter- 
mined by hemocytometer and by plating of dilutions on blood agar. Next, 5.7 x 
10 9 CFU was injected as a 0.1-ml bolus into the lateral tail veins of BALB/c mice. 
Two hours after inoculation, randomized groups of animals were given intrave- 
nously, as a 0.2-ml dose, positive scFv-bearing phages SORAL 1 (against peptide 
1), SORAL 2 (against peptide 2), and SORAL 3 and SORAL 4 (against peptide 

3) , B3.7 (against the conserved LKVIRK epitope of hsp90), negative control 
phage B3.1 (against a Candida -specific epitope on hsp90), and M13K07 helper 
phage. Phage doses were standardized at 5 x 10 s PFU. The cause of death was 
confirmed by culturing livers and kidneys on blood agar at 37°C. The results were 
analyzed by the x 2 test, and significance was defined by Fisher's exact test (two 
tailed; P < 0.05). 

RESULTS 

Immunoblotting. Immunoblotting revealed bands varying in 
apparent molecular mass from 25 to 192 kDa. In patients with 
5. oralis septicemia, bands of 51, 85, 140, and 180 kDa were the 
most commonly recognized, by >66% (Table 1). Recovery 
from infection on antibiotic therapy was associated with rising 
antibody to the 180-kDa antigen (Fig. 1). The same sera also 
detected immunodominant antigens of 47, 80, and 85 kDa in S. 
gordonii (Table 2) -and of 40, 50, and 85 kDa in S. sanguis 
(Table 3). Hospital inpatient controls most commonly pro- 
duced antibodies to the 51-kDa band of S. oralis (42%), the 
47-kDa band of 5. gordonii (42%), and a 75-kDa band of 5. 
sanguis (57%), but most antibodies were produced by a minor- 
ity of these patients. 

Sera from patients with endocarditis recognized more bands 
than sera from those with S. oralis septicemia or inpatient 
controls. A combination of IgM and IgG against the S. oralis 
bands at 85 and 180 kDa occurred in both patients with S. 
oralis endocarditis. Both patients with S. sanguis endocarditis 
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TABLE 1. Immunoblot results of patients* sera against 
S. oro/iy NCTC 7864 

No. of patients with indicated antibody 

Antigen ^-T" ■ Endocarditis) 

apparent — = — - — : Controls 0 

molecular Rising or g & 5. g ^ (n = 40) 

— (kDa) ^ ^ g^J ^ 

IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG 



192 


1 


3 


1 


5 


1 


1 


2 


10 


1 


2 


6 


7< 


185 




1 


1 


3 




1 




4 


A 


1 


3 


5 


180 




2 


9 


10 


2 


2 


4 


13 


1 


2 


1 


7 


155 




4 








1 




9 




1 




2 


140 


3 


8 


1- 


2 


1 


2 


2 


6 






3 


10 


105 




1 








1 


1 


5 




i 


3 


3 


85 




8 


1 


1 


2 


2 


4 


11 


1 


2 


4 


4 


76 


1 


5 


2 


1 




1 


1 


3 




1 


2 


2 


65 








1 


1 






3 










51 




11 


2 






1 


6 


3 




1 


1 


17 


46 




1 


1 






2 




3 








1 


35 








1 




1 




1 




1 







* Inpatients with no known infection. 



had IgM and IgG against S. sanguis bands at 40, 42, 47, 81, 83, 
85, and 120 kDa. S. gordonii endocarditis was usually associ- 
ated (12 or more of 14 patients) with both IgM and IgG to S. 
gordonii bands at 47, 85, and 180 kDa. 

The monoclonal antibody against a conserved epitope on 
hsp90 reacted with the 85 -kDa bands of S. oralis, S. gordonii, 
and 5. sanguis. 

Characterization of positive recombinant clones. Screening 
the S. oralis expression library with sera from patients infected 
with S. oralis gave 10 positive clones with fusion proteins rang- 
ing from 135 to 185 kDa. These reacted with both the screen- 
ing serum and monoclonal antibody to (3-galactosidase (Fig. 2). 
The phage encoding the largest fusion protein reacted with 
serum antibody against the 180-kDa antigen of 5. oralis. South- 
ern blots confirmed its origin from S. oralis (Fig. 3). DNA 
sequencing identified the entire 1.81-kb insert DNA which 



TABLE 2. Immunoblot results of patients' sera against 
S. gordonii NCTC 7868 

No. of patients with indicated antibody 



S. oralis septicemia 
Antigen ( n = 12) 

apparent 



Endocarditis (n = 18) 



Controls" 



moI ^ u JL a \ Constant RUil * 0r 5. oralis * .. S. sanguis (« 88 <°> 
maSS(kDa) ^ ^ fr-^ 

IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG 



185 


1 


7 






2 


2 


5 










180 




6 






2 


12 


14 


2 


2 


1 


7 


105 


2 


4 






1 




1 






1 


4 


85 


1 


10 




2 


1 


12 


14 


1 


1 


1 


1 


80 


1 


9 








5 


12 


1 


1 


1 


15 


76 












5 


7 


1 


1 


2 


13 


■ 72 






1 


1 


1 


5 


7 




1 


2 


5 


70 




7 






1 


4 


5 


1 


2 






65 


1 


4 








9 


13 


1 


2 




2 


58 












1 


9 










56 












2 


9 




1 






1 52 












1 


8 




2 






47 




10 


2 




2 


12 


14 


1 


1 


3 


17 


40 




8 


1 






5 


8 


2 


1 




1 


37 












8 


8 


2 


2 






35 




2 


1 






3 


10 


1 


1 






33 












2 


9 










30 












1 


11 


2 


2 






28 












2 


7 




1 







' Inpatients with no known infection. 



contained a single open reading frame (Fig. 4). Scanning the 
OWL protein sequence database with the derived amino acid 
sequence demonstrated that it had 76.2% homology with the S. 
mutans PAc protein precursor (26) and 73.8% homology with 
tKe SpaA protein precursor of S. sobrinus (5, 31). This homol- 
ogous region included the repeat proline region common to 
this bacterial protein family (26). A 472-amino-acid subset 
showed an 86.1% homology with the agglutinin receptor pre- 
cursor of S. sanguis (14). 
Epitope mapping. Epitope mapping defined nine areas 
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FIG. 1. Immunoblots of S. oralis NCTC 7864 with paired sera from three patients with S. oralis infection. Case I, pre- and postinfection sera showing IgM (lanes 
1 and 2, respectively) and IgG (lanes 3 and 4); case 2, pre- and postinfection sera showing IgM (lanes 5 and 6, respectively) and IgG (lanes 7 and 8); case 3, pre- and 
postinfection sera showing IgM (lanes 9 and 10, respectively) and IgG (lanes 11 and 12). Numbers on the left are molecular masses (in kilodaltons). 
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TABLE 3. Immunoblot results of patients' sera against S. sanguis 
NCTC 7863 

No. of patients with indicated antibody 



£ oralis septicemia 
(« = 12) 



Antigen 
apparent 

molecular Constant Rising or & ^ 



Endocarditis (n = 18) 



S. oralis ," .. S. sanguis 
C-Z) ( ^ 0.-2) 



Controls" 
(n = 40) 



IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG IgM IgG 



120 


1 




2 


4 


14 


2 


2 


3 


7 


85 


8 




1 




2 


2 


2 


5 


7 


83 


V 










2 , 


2 






81 






2 


8 


2 


2 






75 


2 5 


1 


1 


4 


2 




2 


3 


23 


59 




1 


1 




2 


r 




2 


2 


57 




1 


2 


2 


12 


1 




2 


2 


55 




1 


1 








2 


2 


18 


50 


9 
















2 


47 








2 




2 


2 


2 


15 


42 




1 




6 




2 


2 




9 


40 


9 










2 


2 




2 


37 


3 














2 


2 


35 












1 








25 








6 










2 



3.53 



1.59 



1.38 



1.20 




° Inpatients with no known infection. 



.95 



1 2 3 4 5 

FIG. 3. Genomic 5. oralis DNA Genomic S. oralis DNA, after EcoRl, 
Haelll, Rsal, Ssp\, and Xmal digestion (lanes 1 to 5, respectively), probed with 
the S. oralis cloned 1.81-kbp insert. 



where patients with viridans group streptococcal endocarditis 
produced three or more consecutive wells with a mean optical 
density (OD) at least 2 standard deviations above that of in- 
patient controls (Table 4). Sera from all of the, endocarditis 
patients recognized each epitope, with the exception of serum 
from one patient with S. mutatis who was negative with 
AGRPK. This level of reactivity was not achieved by any of the 
sera from the patients with 5. oralis septicemia or E. faecalis 
endocarditis. Epitopes SWYGAG, GKIRAV, and YPTW 
were conserved with the PAc antigen of 5. mutans and the 
SpaA antigen of S. sobrinus, while most of the other epitopes 
had similar, but not identical, sequences. RQPG was the ex- 




1 2 3 4 5 6 

FIG. 2. Immunoblots of six of the recombinant fusion proteins showing re- 
activity with the monoclonal antibody specific to 0-galactosidase. Numbers on 
the left are molecular masses (in kilodaltons). 



ception, being unique to S. oralis. Peptides 1 and 2, represent- 
ing unique (RQPG) and conserved (GKIRAV) epitopes, were 
synthesized. The proline repeat sequence identified within the 
cloned fragment (Fig. 4) was universally negative by epitope 
mapping but was synthesized (peptide 3) because pin technol- 
ogy may be inadequate at presenting proline-rich epitopes in 
an antigenic configuration (19). 

Human recombinant antibodies. These peptides were used 
to pan the phage antibody display library. Primary PCR am- 
plification of the families of heavy-chain variable-domain 
genes showed amplification of VH3a alone, producing a 
330-bp product which was assembled with the light-chain vari- 
able-domain gene library. BsiNl fingerprints of the PCR-am- 
plified scFv inserts before panning showed a highly heteroge- 
neous library (Fig. 5). After panning against peptide 1, one 
BstSl fingerprint predominated (about one in every two 
phages) and was the only type to produce a positive reading in 
the indirect ELISA (OD, 0.276 to 0.318; control OD, 0.17). 
This scFv (SORAL 1) was selected for animal work. Focusing 
was less pronounced after panning with peptide 2, but five 
phages did produce a positive ELISA (OD, 0.235 to 0.304; 
control OD, 0.138), and one of these was selected for animal 
work (SORAL 2). In contrast, after panning against peptide 3, 
all phages examined were indistinguishable by Bsttil finger^ 
printing (Fig. 5) and positive by indirect ELISA (OD, 0.25 to 
0.3; control OD, 0 to 0.17). Two clones (SORAL 3 and 
SORAL 4) were selected for animal work. 

Assessment in animals. A statistically significant increase in 
the number of survivors was observed at 4 h in mice given 
SORAL 3 (P = 0.0095) and at 48 h in mice given B3.7 (P = 
0.03) or SORAL 4 (P = 0.02) (Table 5). Control groups given 
no antibody (M13K07 helper) or an irrelevant antibody (B3.1) 
■ showed no benefit; SORAL 2 and SORAL 1 showed either no 
activity or failed to reach statistical significance. 

DISCUSSION 

This study examined the antibody response in 12 patients 
with S, oralis septicemia and in 18 patients with viridans group 
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GAATTCACCTTCTACGATGAAAATGACCAACCAATTAATTTTGAC 70 

E FTFYDEN DQPI N FDNALL SVAS L 24 
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TTAACCGTOAGCATAACTCTATTGAGATGGCTAAGGATTATAGTGGTAU 1 1 I 1 ATTAAAATCTC AGGTTC 140 

NREHN SI E M A ft DYS OT FI KIS OS 47 

V V V V V V V 

ATCCATCGGTGAAAAAAATGGCATGATTTATGCCACAGAAACCCTGA 210 

SLOE N OMI T AT ET LNFKQ O Q G G 70 

V V V V V V V 

GCTCGCTGGACAATGTATCCAAATCGTCAGCCAGGTTCAGGTTGGGATTC^ 280 

ARWT MYPNR QPOS O WD SS DA PN SW 94 

V V V V V V V 

GOTACGGTGCAGGGGCCATTACTATGTCCGGTC^ 350 

YOAOA I S M S G PT NHVTVO ATSAT 117 
v v v V v v v 

CAATarrOATGTCCGTAGCAGAAATGCCTCAAOTACCFGG 420 ' 

NVMSVA EMPQVP GR DNTEG K R PN 140 

V V V V V V V 

ATCTOOTACTCACTCAATOOTAAAATTOJTOCO 490 

I WYS LN OK IRA VDVPK IT K BK PTP 164 

v v v v v v v 

CACCGGTACKTACCAACTGAACCACAAGCTCCTAOT 560 

PVAPT E P QAPTY E VBK P LB PAP V 187 
v v v v v v v 

AOCACCAAGOTACOAAAATOAGCCAACTCCACCAGTAAAAACTCCAOATCAACCOOAOCCATCAAAACCA 630 

APRYENE PTP'PVKTPDQPB.PaKP 210 

, V V V V V V V 

J OAAGAGCCAACATATGAGACAGAGAAACCATTOGAACCAGCTCC 700 

B E PT YET E K P LE PA PVAP NYEN EP 234 

v v v v v v v 

CAACTCCACCAGTAAAAACTCCAOATCAACCAOACCC^^ 770 

TP PVKT P DQP D PSKP EE PNY ET E 257 
v v v v v v v' 

GAAACCATTGGAACCAOCTCCAGTAGCACCAAGCTATGAAAATGAOCCAACTCCACCGGTAAAA 840 

KPLEPAPVAPSYENEPTPPVKTP 280 
V v v v . v v v 

OATCAACCAGAGCCATCAAAACCAGAAGAGCCAAATTATOATCCATTGCCAACTCCGCCGCTAGCACCAA 910 

D Q PE PS KP EE PN YDP LPT P PLA PT 304 

V V V V V - V V 

CTCCTAAGCAGTTOCCAACACCACCAGCGOTOCCAACAGTTCACTT CCATTACAATCOTCTATTTGCACA 980 

P KQLPT PPAVPTV^HFHY NRLFAQ 327 

v - * V V V V V V 

ACCTCAGATTAATAAAGAAATTAAAAACOAGGATGGAGTAGATATTC 1050 

PQL NKEI KNEDOVDI DRTLVAKQ 350 

V V V V V V V 

TCTGTAGTGAAGTTTOAGCTGAAAACAGAAGCTTTAACT 1120 

SVVK FB LKT E ALT AO RPK T T S F V L 374 

v v v v v v v 

TOGTAOATCCACTTCCAACTGGCTATCAOTTTGATTTGGAAGCAACCAA OA 1 190 

VD PLPT OYQFDL EAT K AAS KO FB 397 
v v v v v v v 

AAC AAGCTATG ACAAAGCTAGTC AC ACTG tAACCTTTAAGGCTACTGAOGAGACCTTAGC I XMJl'l ' I CAAT 1260 . 

T S YDK AS HTVTFK ATE BTL AAFN 420 

V . V V V V V V 

OCTOATTTOACAAAATCCTTrOAGACTCTATATCCAACTOT T O TT U TrOGTCOTOTCTTGAATGATOGGG 1330 

ADLT KS FET LYPTVVVO RVLN D G A 444 

» ¥ ▼ V V V ▼ 

OOACTTATACOAATAACTTTACATTGACAGTCAACOATOCTACTOOTOTC 1400 

T Y T N N' T 7 LTVNDATGVKSN I VRV 467 

V V V V V V . V 

AACGACTCCAGGTAAACCAAATGATCCTGACAATCCAAATAACAACTACATCAAGCCTTTOAAAOTTAAC 1470 

TT PGK PND PDN PN NN YI K PLK VN 490 

V V V ' V V V V 

AAGAACAAGCAAGGTGTGAATATTGATGGCAAAGAAGlTCTAOCT 1540 

K NKQ OVNI DOK BVLAOST NY YELT 514 

V V V V V V V 

CATTGGGATTTGGATCAATACAAGGGAQATAAATCTIX^^ 1610 

W DLDQ'YKO DKS SK B A I Q NOFYYV 537 

V V V V V V V 

GGATOATTATCCAGAAOAAGCTTTAACGCTTCAACCAGAATTGGTTAA 1680 

DDY PE EALT LQPE LVKI R DLE ON 560 

V V V V V V V 

CTTOTATCAGGTATCAOTGTrCAACAOTrTOATAOTRAOAACO 1750 

LV SO I SVQQ FDS L E R A P K K VQDLL 584 

V v v • V V V 
TOAAOAAAOCAAACATCACTGTTAAAGGTOCTTTCCAACT^^ 1818 

KK AN IT VKO AFQ LF SADN P AEF 605 

FIG. 4. DNA and amino acid sequences of the S. oralis homolog. 



streptococcal endocarditis and started to characterize immu- 
nodominant antigens of S. oralis which may be associated with 
protective antibody. In patients with endocarditis, particular 
patterns of antibody response can be indicative of the causative 



bacterium (7), and the immunoblotting results reported here 
supported this, though the numbers for S. oralis and 5. sanguis 
were too limited for generalizing. Two immunodominant an- 
tigens of S. oralis were characterized. The first was an 85-kDa 
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TABLE 4. Epitope map values for those wells where the mean OD was at least 2 standard deviations above that of the control. The 
overlapping amino acid sequences were derived by a comparison of first and last peptide sequences and were used to define the epitopes 



Value (of : 



Well no. 


Epitope 


Hospital 


Viridans group 


5. oralis 


S. mutatis 


E. faecalis 


sequence 


inpatient controls 


streptococcal 


septicemia 


endocarditis 


endocarditis 






(« = 3) 


endocarditis (n = 8) 


(n = 5) 


(n « 2) 


(n = 2) 


61 


NFKQGQG 


0400 (0.027) 


1.039 (0.353) 


0.429 (0.200) 


0.833 (0.125) 


0.588 (0.054) 


62 


NFKQGQG 


0.388 (0.034) 


0.972 (0.347) 


0.419 (0.230) 


0.808 (0.122) 


0.508 (0.027) 






ft AAA (ft ft^SV 


ft 007 (ft 129V 


0 430 ?0 215^ 


0 888 (0 195^ 


0.540 (0.013) 


1A 




n 34 1 (ft oiov 


ft 902 (ft 119V 


0 322 (0 211} 


0 839 (0 004V 


0.407 (0.120) 


75 


RQPG 


' 0.283 (0.033) 


1.038 (0.470) 


0.351 (0.180) 


0.891 (0.011) 


0.450 (0.119) 


76 


RQPG 


0.282 (0.034) 


1.053 (0.474) 


0.455 (0.180) 


0.917 (0.029) 


0.493 (0.140) 


ii 

/ 1 


t\\Jr\J 




0 Qftl (ft 158V 


0 309 (ft ftlft\ 


1 041 (0 043^ 


0 472 CO 130^ 


7ft 

to 


t\\Jr\j 


ft 9Rft (ft ftlX\ 


ft Q1S (ft 42SV 


0107 Y0 riRO^ 


1 142 ?0 405^ 


0 423 CO 096^ 


79 , 


RQPG 


0.282 (0.015) 


0.781 (0.312) 


0.271 (0.091) 


l.(K)5 (0.418) 


0.373 (0.084) 




3 W I \JJWJ 


n ina (ft n^A\ 


0 8S2 CO 118V 


0 287 (ft 070} 


1 027 CO 192^ 


0 378 CO 088 ^ 


Q1 


D W I \Jr\\J 


ft 116 CO OfiQV 


0 924 (ft 14ft V 


0 328 (0 ft&oS 


1 064 (0 138> 


0 428 CO 136^ 




ijW I KJfWJ 


n 144. (ft ftif\\ 


ft Ql 7 CO 429V 


0 298 ?0 060> 


0 914 CO 033^ 


0 377 CO 115 V 

\J»*J / / 1U * X X*J 1 




D VY I \Jf\\J 


ft Iftfi (ft ftftl\ 


0 9S7 CO ^7flS 


ft AAA (ft \ Aft\ 


1 083 CO 225^ 


0 483 CO 131V 


144 


GKIRAV 


0.306 (0.072) 


0.824 (0.318) 


0.348 (0.180) 


0.779 (0.129) 


0.389 (0.115) 




nK7P A V 
vjivirwA v 


0 184 (ft 071 V 


1 028 ft) 109V 


0 437 (0 210} 


0 971 CO 199^ 


0.515 (0.120) 


JL*fO 


A V 

vJIVlIV/A V 


ft ini (ft 042V 


ft «S2 (ft 261V 


0 348 CO 150^ 


0.881 (0.240) 


0.438 (0.115) 


147 


GKIRAV 


0.395 (0.035) 


0.933 (0.285) 


0.397 (0.180) 


* 0.944 (0.258) 


0.483 (0.131) 


320 


RLFAOPO 


0 192 CO 011 V 


1 147 (ft 657V 


0.491 (0.180) 


1.010 (0.151) 


0.494 (0.115) 


3?1 


RT FAOPO 


0 4S1 CO 049V 


1 209 (ft 417V 


0 548 (0 230^ 


1.284 (0.300) 


0.649 (0.171) 




RT FAOPO 


0 467 (ft 124 V 


1 145 (ft 356V 


0 531 TO 190V 


1.289 (0.346) 


0.593 (0.116) 


359 


AGRPK 


0.395 (0.043) 


0.921 (0.295) 


0.401 (0.200) 


0.749 (0.177) 


0.480 (0.040) 


360 


AGRPK 


0.492 (0.065) 


v*. 1.049 (0.374) 


0.428 (0.240) 


0.775 (0.030) 


0.491 (0.062) 


JOl 




0 Aftl (ft ft 12 V 


* * r n 907 co 118V 

U.7U / ^U.JIO ^ 


0 382 CO 190^ 


0 657 CO 094^ 


0 462 CO 067V 




ACHIVK 
/Wjlxr Is. 


ft 41ft (ft 008V 


1 054 CO 125V 


0 423 (0 230^ 


0 753 CO 091^ 


ft 525 CO 082V 






ft 421 Cftft42V 


ft 946 Cft 279V 


0 391 ?0 02lS 


0 665 CO 088^ 


ft 477 CO 083V 


376 


PTGYQFD 


0.277 (0.035) 


0.791 (0.479) 


0.428 (0.080) 


0.762 (0.190) 


0.339 (0.095) 


377 


PTGYQFD 


0.415 (0.039) 


1.045 (0.427) 


0.359 (0.140) 


1.548 (0.728) 


0.487 (0.155) 


378 


PTGYQFD 


0.351 (0.062) 


0.802 (0.290) 


0.291 (0.140) 


1.274 (0.793) 


0.380 (0.151) 


426 


YPTW 


0.309 (0.081) 


0.852 (0.391) 


0.269 (0.100) 


1.275 (0.617) 


0.410 (0.147) 


427 


YPTW 


0.215 (0.084) 


0.473 (0.161) 


0.225 (0.050) 


0.525 (0.117) 


0.289 (0.030) 


428 


YPTW 


0.325 (0.013) 


1.170 (0.457) 


0.450 (0.180) 


1.143 (0.125) 


0.561 (0.194) 


429 


YPTW 


0.339 (0.046) 


0.964 (0.336) 


0.413 (0.150) 


1.050 (0.179) 


0.488 (0.165) 


430 


YPTW 


0.349 (0.088) 


0.976 (0.328) 


0.465 (0.140) 


1.002 (0.198) 


0.458 (0.139) 


577 


LLKKA 


0.279 (0.042) 


0.863 (0.302) 


0.353 (0.190) 


0.681 (0.142) 


0.466 (0.081) 


578 


LLKKA 


0.349 (0.019) 


0.907 (0.260) 


0.410 (0.210) 


0.808 (0.270) 


0.557 (0.103) 


579 


LLKKA 


0.351 (0.051) 


0.937 (0.254) 


0.415 (0.210) 


0.882 (0.221) 


0.549 (0.098) 


580 


LLKKA 


0.395 (0.077) 


1.035 (0.267) 


0.423 (0.210) 


0.898 (0.183) 


0.587 (0.124) 


581 


LLKKA 


0.331 (0.029) 


0.847 (0.261) 


0.581 (0.150) 


0.843 (0.153) 


0.482 (0.141) 



° Data are OD values and standard deviations. 



antigen present in S. oralis, S. gordonii, and 5. sanguis which 
reacted with a monoclonal antibody to a conserved epitope 
(LKVIRK) on hsp90. The presence of antibody against fungal 
(8, 40, 41), bacterial (1), and malarial (4) hsp90 has been 
correlated with recovery from the corresponding infection. 
Both the mouse monoclonal antibody and a human scFv (B3.7) 
against the conserved LKVIRK epitope of hsp90 were protec- 
tive in acute and chronic mouse models of disseminated can- 
didiasis (40, 43). Here, preliminary animal data suggest that 
the same scFv (B3.7) might also be active against S. oralis 
(Table 5). If confirmed, they raise the possibility that such an 
antibody could be of therapeutic value to neutropenic patients 
in whom both fungi and streptococci are important pathogens. 
A second 5. oralis antigen of 180 kDa was identified by 



cloning and DNA sequencing. It was homologous to the PAc 
protein of 5. mutans (26) and to SpaA of S. sobrinus (5, 31). 
Antibody against these two antigens has been previously iden- 
tified in the sera of patients with S. mutans endocarditis (5, 54). 
PAc is a major cell surface protein involved in bacterial attach- 
ment which has been associated with protective antibodies 
against dental caries. Passive immunization with polyclonal 
antibodies against PAc, in bovine milk, prevented colonization 
by 5. mutans in rats (45) and humans (17). Chicken egg yolk 
antibodies were protective against caries in rats (50). PAc- 
specific monoclonal antibodies, applied directly to the teeth, 
have been shown to prevent colonization by S. mutans in hu- 
man and nonhuman primates (33, 36). 
The immunoreactive 5. oralis clone was homologous to 
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FIG. 5. BstNl fingerprints before (A) and after (B) panning against peptide 



amino acids 673 to 1274 from the PAc gene of 5. mutans (26). 
Munrd et al (47) produced four overlapping fragments from 

, the S. mutans gene by PCR and cloned and expressed them in 
E. coli cells. The recombinant, representing residues 816 to 
1213, inhibited the adhesion of S. mutans to saliva-coated hy- 
droxyapatite beads. It bound two of the monoclonal antibodies , 
which had prevented oral colonization by S. mutans (33, 36) 1 
and was immunodominant in sensitized humans (27). S. sobri- 

• nus recombinants have been used to demonstrate that the 
56-kDa region at the amino-terminal end of SpaA did not 
contain antigenic determinants or else that they did not fold 
correctly in the absence of the carboxy-terminal region (21). 
The immunodominant region overlapped the domain, confer- 
ring cross-reactivity with S. mutans (22). These observations 
are consistent with a key immunodominant area responsible 
for some of the functions of these proteins lying within amino 
acids 673 to 1274 from S. oralis and the corresponding regions 
in S. mutans and S. sobrinus, 

In contrast, the alanine-rich amino-terminal region (the A 
region) from PAc in mice has been shown by epitope mapping 
to be immunodominant (49), under the control of the major 
histocompatibility complex class II genes (57), and capable of 
inducing a high serum IgG concentration when given intrana- 
sally coupled to the cholera toxin B subunit (58). An A region 



TABLE 5. Results of in vivo assessment of the human recombinant 
antibodies. Negative controls were M13K07 phage and B3.1. Test 
antibodies were B3.7 and SORAL 1 to SORAL 4 



Survivors (%) at": 



Antibody 


No. of mice 


4h 


24 h 


48 h 


M13K07 phage 


15 


47 


20 


* 7 


B3.1 


13 


23 


23 


15 


B3.7 


13 


46 


46 


46* 


SORAL 1 


15 


40 


40 


40 


SORAL 2 


15 


13 


13 


13 


SORAL 3 


9 


100* 


22 


22 


SORAL 4 


17 . 


47 


47 


47* 



1 *, statistically significant response (P < 0.05). 



fusion protein was shown to competitively inhibit both the 
adherence of S. mutans to salivary agglutinin-coated hydroxy- 
apatite and the fluid-phase agglutinin-mediated aggregation of 
t this organism (12). A clone representing the amino-terminal 
684 amino acids of SpaA was identified by screening a library 
with polyclonal rabbit antiserum against the PAc antigen of S. 
mutans. Synthesized peptides representing this sequence dem- 
onstrated that the alanine-rich area was immunodominant in 
mice (55). The.binding of recombinant PAc fragments pre- 
pared in the expression vector pAX4a+ demonstrated that 
residues between 39 and 864 were important in binding to 
human salivary components (48). A peptide representing this 
area was able to inhibit salivary glycoprotein. binding in a com- 
petitive adherence assay (46). When the PAc sequence was 
epitope scanned with sera from five adult subjects harboring S. 
mutans serotype C in their oral cavities (39), the immunodomi- 
nance of the alanine-rich amino-terminal end was again con- 
firmed. The homologous area within the S. oralis gene was 
absent from the clone sequenced here. 

When the S. oralis sequence was mapped with endocarditis 
patients' sera, nine epitopes were delineated. Of these, SWYG 
AG, GKIRAV, and YPTVV (Table 4) were wholly conserved 
in the PAc antigen of 5. mutans and the SpaA antigen of S. 
sobrinus. RQPG was unique to S. oralis and within a region 
which varied between different PAc sequences (26). This 
epitope was positive when the sera from the patients with S. 
mutans endocarditis were epitope mapped (Table 4). This is 
difficult to explain but may reflect a degree of conservation in 
the spatial complementarity between antibody and epitope, 
despite changes in the amino acid sequence. All the other 
epitopes had similar, but not identical, sequences in S. mutans 
and S. sobrinus. 

Epitope mapping of the PAc antigen with sera from five 
patients colonized with S. mutans identified two epitopes 
within the region adjacent to the repeat proline area (39). One 
of these, KVTKEKP, had a similar sequence in S. oralis, KIT 
KEKP, while the other, VKPTAPTK, was unique to S. mutans 
(VAPTEPQA in S. oralis). Neither area was identified as an 
epitope in the present study. Kelly et al. (27), studying natu- 
rally sensitized humans, demonstrated immunodominant B- 
cell (residues 824 to 843) and T-cell (residues 803 to 822) 
epitopes which were separated in linear sequence from the 
adhesion epitopes (residues 1005 to 1044) of PAc. The present 
study failed to confirm the B-cell epitope but showed an anti- 
body response to GKIRAV (residues 816 to 821) which is 
conserved between S. oralis and S. mutans and lies within the 
T-cell epitope. An immunodominant promiscuous T-cell 
epitope (residues 985 to 1004) was adjacent to an adhesion 
epitope (residues 1005 to 1024). Hie homologous area in S. 
oralis includes the B-cell epitope RLFAQPQ (residues 992 to 
998) which was immunodominant in cases of endocarditis due 
to viridans group streptococci. Again, the B-cell epitope in 
endocarditis patients demonstrated here was present as part of 
an exclusively T-cell epitope in the naturally sensitized humans 
(27). 

In vitro studies have indicated that during antigen process- 
ing, antibody may protect relatively large fragments of antigen 
from degradation (13, 37) and hence from association with 
major histocompatibility complex class II proteins. This would 
direct the T-cell response away from these B-cell-protected 
epitopes (61). This process may break down in endocarditis 
because the infection is chronic, resulting in the degradation of 
sufficient antigen to allow association with the major histocom- 
patibility complex class II proteins. Adhesion epitopes over- 
lapping with minor B- and T-cell epitopes (residues 1005 to 
1054 and 1085 to 1134, respectively) in the PAc molecule were 
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also reported (27). These incorporate the following epitopes 
from the current study: AGRPK (equivalent to S. mutatis res- 
idues 1033 to 1037), PTGYQFD (equivalent to S. /nutans res- 
idues 1048 to 1054), and YPTW (equivalent to S. mutans 
residues 1099 to 1103) from S. oralis. 

The repeat proline region did not produce detectable reac- 
tivity with sera by epitope mapping. This may reflect a lack of 
immunoreactivity or it could be because, as a secondary amine, 
proline imposes unique constraints on the conformation of the 
peptides containing it (19). As a result, for proline to be im- 
munogenic it must be expressed within a framework larger 
than the short nonapeptides used for epitope mapping. This is 
likely to be especially true where multiple prolines are present. 
The proline-rich area within PAc has been implicated in spon- 
taneous molecule self-aggregation (49). Gangloff et al. (18) 
demonstrated' that a peptide representing this proline-rich re- 
gion (peptide 3) was capable of inducing a significant antibody 
response in a rabbit which reacted with both the original pep- 
tide and the parent molecule. This area was shown to be 
independent from that which induced autoantibodies against 
human IgG (18, 46). However, in mice, a peptide derived from 
the proline-rich repeat area (residues 867 to 885) failed to 
elicit any antibody response and was not recognized by murine 
anti-recombinant PAc antibodies (58). Subsequently, peptide 3 
was shown to contain at least one B- and one T-cell epitope 
(34). It induced peptide- and parent molecule-specific antibody 
responses without any carrier and stimulated the proliferation 
of rat lymph node cells primed with either free peptide or 
native SR protein. SR is the PAc homolog from S. mutans 
OMZ175 serotype f (46). 

The, animal;, studies (Table 5) suggested that SORAL 1, 
which is active 'against the S. crafty-specific epitope RQPG, 
may have had some activity at 48 h, but this was not statistically 
significant SORAL 2, which is active against the conserved 
epitope GKIRAV, had no activity. Both SORAL 3 and 
SORAL 4, which are active against the repeat proline region, 
produced statistically significant results at 2 and 48 h (SORAL 
3 and SORAL 4, respectively), suggesting that the repeat pro- 
line region may be a key target for protective antibody. These 
were human recombinant antibodies lacking the Fc region. 
The underlying mechanism could be that the antibody blocks 
microbial adherence. The F(ab') 2 fragment of a mouse mono- 
clonal antibody to S. mutans PAc was as protective as the intact 
immunoglobulin in preventing recolonization with S. mutans in 
human volunteers (35). Alternatively, the scFv may induce 
active shedding of S. oralis PAc which would otherwise help the 
microbe avoid the immune defense system. PAc-specific poly- 
clonal antibodies (IgG and secretory IgA) induced active se- 
cretion of S. mutans PAc, which could be a defense strategy for 
protecting the bacterium from antibodies (32). 

In conclusion, the immunodominant 85-kDa antigen of S. 
oralis is probably a homolog of hsp90, while the 180-kDa an- 
tigen shows sequence homology to the S. mutans PAc protein 
and S. sobrinus SpaA. Human recombinant antibodies against 
the conserved LKVIRK epitope of hsp90 and the proline re- 
peat region of the PAc protein homolog may have therapeutic 
potential, but further animal work is required to verify this. We 
are currently sequencing these scFvs, prior to subcloning them 
into a vector which will yield phage-free, soluble scFv suitable 
for further assessment in animal models of S. oralis infection. 
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